Cr-Nb-Al-N coatings with Al content from 0 to 12 at.% were deposited by d.c. reactive magnetron sputtering. The coatings were annealed in protective atmosphere at 800 and 900 o C for 1h and exposed to air at 800, 900 and 1200 o C for different times. The chemical composition, structure, microstructure, hardness and adhesive/cohesive strength of the coatings, in as-deposited and annealed conditions, were investigated and the oxidation resistance was evaluated. As expected, the Al content increased gradually in the coating with increasing power density in Al target; nitrogen was kept approximately constant. All coatings exhibited columnar cross section morphology and fcc NaCl-type B1 phase structure. After thermal annealing, an increase in the
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grain size and a decrease in the lattice parameter were observed, which led to either a decrease in the hardness or lower adhesion/cohesion strength than the as-deposited coatings. The onset oxidation temperature was approx. 900 o C for all coatings. High Al content coatings showed minimum oxidation when exposed to 800 o C for 2h and to 900 o C for 0.5h in air. The Al-free and low Al coatings exhibited lower oxidation resistance; Cr 2 O 3 and CrNbO 4 coexisting together although signs of the cubic nitride phase were still detected. The increase of Al was beneficial to the improvement of the thermal stability and oxidation resistance of the Cr-Nb-Al-N coatings.
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Introduction
Recently, machining technology has been developed towards high precision, high speed, high efficiency and low emission, which has required cutting tools with higher hardness, lower wear-resistance, and higher thermal stability and oxidation resistance [1] . Due to suitable hardness, low friction coefficient and strong adhesion to metal substrates, Cr-N coatings have been widely used on cutting tools for several decades [2] . However, those increasing requirements are making binary Cr-based nitride coatings inadequate in many applications [2] [3] [4] .
Alloying is an effective method to improve the properties of Cr-based coating. By using alloy elements, especially those with large atomic radius, e.g. Zr, Nb, Ta and W [5] [6] [7] [8] , ternary nitride coatings exhibit higher hardness and improved high temperature properties than the binary system.
Furthermore, it was reported that NbN with high melting point, good mechanical properties and excellent corrosion resistance have also been used in many fields as protecting coatings [9] [10] [11] [12] .
Therefore, Cr-N coatings with Nb alloying were considered appropriate for the protection of
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
cutting tools. However, Hsieh et al. [13] found that Cr-Nb-N coatings started to oxidize just over 500 o C independently of the Nb/Cr ratio and their wear rate was rather high even at the room temperature.
The addition of Al has often been reported to improve the mechanical properties and thermal stability of Cr-based and Ti-based nitride coatings [2, 14] . Due to age hardening effect, the coating hardness can be enhanced ~30 % after thermal annealing [15, 16] , and the onset oxidation temperature was increased about 100~200 o C with the introduction of Al into the coatings [17, 18] .
Moreover, Barshilia et al [19] found that the addition of Al could also improve the thermal stability and oxidation resistance of Nb-based nitride coatings. Although Franz et al. [20] showed that the onset oxidation temperature markedly increased with the Al content in the Nb-based nitride coatings, they suggested that the mechanical properties would be weakened as high Al content was added. Thus, the influence of Al on the high temperature properties of these nitride coatings is still not understood. Till now research of the effects of Al on the properties of the Cr-Nb-based quarternary nitride coatings has not yet been reported. The thermal stability and oxidation resistance of such quarternary coatings are still unclear.
In this paper, Cr-Nb-Al-N coatings with different Al contents were deposited by d.c. reactive magnetron sputtering technology. The influence of Al on the structure and mechanical properties of the coatings before and after thermal annealing was investigated, and the oxidation resistance of the coatings was studied.
Experimental procedure
Cr-Nb-(Al-)N coatings were deposited by d.c. reactive magnetron sputtering in unbalanced mode. The configuration of the deposition chamber can be found in a previous paper [21] . were measured using a nanoindenter (Micro Materials NanoTest) with a diamond Berkovich tip under 10 mN applied load. 12 measurements were conducted for each sample and the results were analysed using the Oliver and Pharr method [22] . The adhesion/cohesion of the coatings to M2 steel substrate was evaluated by scratch testing. The load was increased linearly from 0 N to 80 N using a Rockwell C indenter with a 200 µm tip radius. The loading speed was 100 N/min and the scratch speed was 10 mm/min. Table 1 . SEM images reveal columnar structures in all coatings ( Fig.1 (d-f) ). The dimension of the columns decreases with increasing Al content, as confirmed by the decrease in the surface features dimensions in AFM observations,
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Results and discussion
Chemical composition and microstructure
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which decreased from 250 nm. for Al-free coating ( Fig.1 a) , down to ~150 nm for CrNb8Al10N coating ( Fig.1 c) . Coatings with smaller grain size are often suggested to have stronger oxidation resistance due to an improved elemental diffusion to form protective surface scales [23] . From AFM images, it is also observed that the coatings are quite smooth, especially for CrNb9Al4N sample, with average surface roughness in the range from 7.8 nm up to 11.7 nm ( Fig.1 (a-c) ).
XRD results show that structurally all coatings have the fcc B1 (NaCl type) nitride phase ( increasing Al contents no significant changes in lattice parameters can be detected. Fig. 2(b) shows that the coatings grain size calculated by Scherrer's equation from the (111) peak is in the range from 8 to 10 nm. The small decrease in the grain size when Al is added content indicates
that Al can cause grain size refining.
Thermal stability
To investigate thermal stability, as-deposited coatings were annealed in protective atmosphere at 800 o C and 900 o C for 1h. Fig.3 shows the XRD patterns, grain size and lattice parameter of the coatings after thermal annealing. No significant differences in the XRD results were found for the same coating annealed at 800 o C or 900 o C (Fig. 3a) . peaks are detected on Al-free coatings ( Fig. 3(a) ), which should be attributed to the formation of oxide phases resulting from residual oxygen in the furnace atmosphere. In Fig. 3(b) , calculated lattice parameter experiences a marked decrease after thermal annealing with increasing Al content. The lattice parameter is about 4.19 Ǻ for the Al-free coating and is reduced to 4.14 Ǻ for the highest Al-content coating, which is equal to the value of cubic CrN phase. From Fig. 3(b) , it is found that the grain size is slightly larger than that in the as-deposited coatings. 
Mechanical properties
The hardness and Young's modulus of the as-deposited and 900 o C annealed coatings are shown On the other hand, Young's modulus exhibits a monotonical increase with the Al content in the coatings which should be related with the stronger covalent nature of Al-N bonding [27] . After annealing, the hardness is expected to decrease compared to the as-deposited state, due to grain growth, possible reduction of lattice distortion [2] , decrease of residual stress and presence of softer oxide phases.
Strong adhesion strength of a coating onto a substrate is always required before the coating is put into application. For thin hard coatings, scratch testing is the most common method to evaluate the adhesion/cohesion strength [21, 28] . In the present research, Cr-Nb-(Al-)N coatings were scratched by a diamond indenter before and after thermal annealing, and the critical load of substrate exposure (Lc3) is summarized in Table 1 . After scratch testing, the tracks were observed by optical microscopy. From Fig. 5 , it is obvious that the track morphologies for the as-deposited coatings are very different from those of the annealed ones. No evident substrate exposure (Lc3) is found in the as-deposited coatings ( Fig. 5(a, c, e) ). Only small area edge chipping (Lc2) is detected at ~46 N on the low Al coating (Fig. 5(c) ). Such edge chipping is often observed on hard coating samples deposited on medium hardness steel substrates [21, 29] . For the annealed coatings, the substrate exposure was found in all samples (Fig. 5(b, d, f) ). Lc3 increases from 29 N to 49 N when the Al content is raised up to 9.6 at%. The lower Lc3 value in the annealed Al-free coating can be attributed to the presence of oxides on the coating surface as confirmed by XRD
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measurements. Substrate exposure is due to the widening and deepening of the scratch track in the annealed sample compared to the as-deposited counterpart. Due to the softening of steel substrate after thermal annealing [30] , the higher plastic deformation of the substrate will induce a higher stress state in both the coating and the interface, leading to a premature failure of the coated sample. Such a fact combined with the coating softening induced during thermal annealing, the residual stress release and the presence of oxide layers, give rise to lower critical loads in relation to as-deposited samples even though the interface between the coating and the substrate may be strengthened due to elemental interdiffusion during thermal annealing.
Oxidation resistance
The onset oxidation temperature is very important for predicting the high temperature behavior of a hard coating system. Thermogravimetry performed with slow heating rate is an effective method to determine the onset oxidation temperature. XRD patterns of the 1h exposed coatings at 1200 ºC are shown in Fig. 6(b) . From XRD results, Cr 2 O 3 is found to be the main oxidation product, although high amount of CrNbO 4 phase (reaction effective diffusion barrier to limit the inward diffusion of ions and protect the underneath coating from oxidation attack [32, 33] .
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To further investigate the oxidation resistance, the coating samples were exposed to 800 o C for 2h. The TGA curves, XRD patterns and surface SEM images are shown in Fig. 7 . EDS indicates that the particles are mixed-oxides of Nb and Cr (Nb 23.6 at.%, Cr 14.9 at.% and O 61.5 at.%). On low Al coating surface, some large oxides particles are scattered ( Fig. 7(d) ). Hardly any oxide particles are found on the CrNb8Al10N coating ( Fig. 7 (e) ). The formation of cracks on
the high Al coating should result from the residual stress release during cooling down from high exposure temperature.
It is evident from the sample mass gain vs. exposure time shown in Fig. 6(a) that the high Al coating starts to oxidize at about 900 o C. Therefore, the selected coatings were annealed in air at 900 o C for 0.5 h. Fig. 8 presents the XRD patterns and surface SEM micrographs of the exposed coatings. Compared to the 800 o C/2h annealed samples, similar XRD diffraction peaks of oxides phases are detected on the Al-free and low Al coatings ( Fig. 8(a) ). CrNb8Al10N coating shows only the nitride phase with a grain size of ~11.8 nm, i.e. slightly larger than that of the sample annealed in protective atmosphere at the same temperature. SEM shows similar oxide particles covering entire Al-free coating surface ( Fig. 8(b) ), whereas Al-containing coatings exhibit smooth surface with only small number of oxide particles (Fig. 8(c, d) ). As before, the cracks are clearly visible on the surface of the highest Al coating sample ( Fig. 8(d) 
Conclusion
Cr 
